Abstract Soil organic matter (SOM) often increases with the abundance of short-range-ordered iron (SRO Fe) mineral phases at local to global scales, implying a protective role for SRO Fe. However, less is known about how Fe phase composition and crystal order relate to SOM composition and turnover, which could be linked to redox alteration of Fe phases. We tested the hypothesis that the composition and turnover of mineral-associated SOM co-varied with Fe phase crystallinity and abundance across a well-characterized catena in the Luquillo Experimental Forest, Puerto Rico, using dense fractions from 30 A and B horizon soil samples. 
dense fractions were strongly and positively correlated (R 2 = 0.75), indicating microbial transformation of plant residues with lower d 13 C and d 15 N values. However, comparisons of dense fraction isotope ratios with roots and particulate matter suggested a greater contribution of plant versus microbial biomass to dense fraction SOM in valleys than ridges. Similarly, diffuse reflectance infrared Fourier transform spectroscopy indicated that SOM functional groups varied significantly along the catena. These trends in dense fraction SOM composition, as well as D 14 C values indicative of turnover rates, were significantly related to Fe phase crystallinity and abundance quantified with selective extractions. Mössbauer spectroscopy conducted on independent bulk soil samples indicated that nanoscale ordered Fe oxyhydroxide phases (nanogoethite, ferrihydrite, and/or very-SRO Fe with high substitutions) dominated (66-94%) total Fe at all positions and depths, with minor additional contributions from hematite, silicate and adsorbed Fe II , and ilmenite. An additional phase that could represent organic-Fe III complexes or aluminosilicate-bearing Fe III was most abundant in valley soils (17-26% of total Fe). Overall, dense fraction samples with increasingly disordered Fe phases were significantly associated with increasingly plant-derived and fastercycling SOM, while samples with relatively morecrystalline Fe phases tended towards slower-cycling SOM with a greater microbial component. Our data suggest that counter to prevailing thought, increased Introduction Iron (Fe) oxyhydroxide phases sorb and co-precipitate with soil organic matter (SOM) while also promoting soil aggregation. These functions are thought to protect a significant fraction of global SOM stocks from decomposition over timescales of decades to centuries (Kögel-Knabner et al. 2008; Kleber et al. 2015) . Consistent with this framework, numerous studies have documented strong positive relationships between pedogenic Fe (Fe oxyhydroxide) content and carbon (C) stocks when comparing disparate soils at regional and global scales (e.g. Kramer et al. 2012; Kleber et al. 2015) . As much as 40% of total C in a given soil may be associated with Fe phases as indicated by selective extractions (Wagai and Mayer 2007; Zhao et al. 2016) . The short-range-ordered (SRO) Fe phases are thought to be particularly important for SOM stabilization due to their high surface area and reactivity (Chorover et al. 2004 ). Yet, beyond the strong relationships between Fe content and soil C stocks, less is known about how Fe phase composition and abundance relate to the chemical composition and turnover rates of SOM under field conditions. Iron mineral phases in soil and sediment can themselves be highly dynamic, potentially responding rapidly (hours-days) to shifting environmental conditions. For example, short-term redox fluctuations can potentially increase or decrease Fe crystallinity, depending on environmental context (Thompson et al. 2006; Coby et al. 2011; Riedel et al. 2013; Ginn et al. 2017) . Variation in redox dynamics could also potentially explain shifts in soil Fe composition observed with seasonal climate variation (Berhe et al. 2012b) or land use (manure application; Xiao et al. 2016) . Biogeochemical shifts in Fe speciation may have cascading effects on C cycling driven by the release and subsequent sorption of colloidal and soluble SOM, which can variably lead to increased C protection or increased decomposition (Buettner et al. 2014; Huang and Hall 2017) . The question remains: do diverse soil Fe phases exhibit generalizable relationships with SOM composition and turnover, in addition to the well-known relationships between Fe and C abundance?
Reactions among Fe minerals and specific organic functional groups have been extensively characterized during controlled laboratory experiments. Iron oxyhydroxides often associate preferentially with aromatic and carboxylic moieties relative to other functional groups (Gu et al. 1994; Chorover and Amistadi 2001; Kaiser 2003; Riedel et al. 2013; Chen et al. 2014) . However, Fe phases also sorb aliphatic and proteinaceous molecules (Keiluweit et al. 2012; Liu et al. 2013) . The differing affinities of SOM functional groups for Fe oxyhydroxides may critically affect the chemical trajectories of organic matter decomposition. For example, Fe-SOM interactions were shown to preferentially protect lignin from decomposition during incubation studies, while Fe had less impact on carbohydrate losses (Eusterhues et al. 2014; Hall et al. 2016; Wang et al. 2017) .
However, the longer-term impacts of Fe-C interactions on SOM composition and turnover are more ambiguous, and some interesting discrepancies have been reported. Field studies have variously reported an increased or decreased prevalence of aliphatic SOM (indicative of microbial biomass) associated with SRO Fe (Mikutta et al. 2009; Zhao et al. 2016) . The variable presence of aluminum (Al) phases may also confound inference with regards to Fe, and many of the seminal studies focusing on relationships between SRO mineral phases and SOM have been conducted in soils dominated by SRO Al (Torn et al. 1997; Chorover et al. 2004; Masiello et al. 2004; Kramer et al. 2012 ). Even in highly weathered soils where sorption with Fe might theoretically represent a dominant stabilization mechanism, relationships between Fe and C are often weaker than expected Coward et al. 2017) . Also, fewer studies have explored relationships among SRO Fe abundance and the turnover rates (as opposed to stocks) of mineralassociated C. Some evidence suggests that Fe phases can promote longer C residence times (inferred from D 14 C values) by favoring SOM complexation and aggregate formation in specific soil horizons or landscape positions (Masiello et al. 2004; Berhe et al. 2012a; Kaiser et al. 2016) . Other work, however, found no relationships between Fe and D 14 C values of mineral-associated SOM (Herold et al. 2014) , or even documented increased C turnover in soils rich in SRO Fe as compared with nearby Fe-poor soils (Khomo et al. 2017) .
We propose that discrepancies in relationships between Fe and SOM composition and turnover among studies could be at least partly linked to the diversity of Fe mineral phases in soils, and to the potentially dynamic nature of Fe-SOM associations in soils undergoing redox fluctuations. Pedogenic Fe minerals vary dramatically in the length scales of crystal ordering, ranging from monomeric and SRO Fe to increasingly well-ordered crystalline phases over scales of nm-lm. Fluctuations in oxygen (O 2 ) availability at the scale of microsites (lm-mm) to soil profiles (cm-m) can drive the microbial and/or abiotic reduction and oxidation of Fe at significant rates, even in relatively well-drained upland soils (Fimmen et al. 2008; Dubinsky et al. 2010; Hall et al. 2013; Yang and Liptzin 2015; Schulz et al. 2016) . Iron reduction can directly or indirectly (via increased pH) solubilize significant amounts of organic matter adsorbed or coprecipitated with Fe (Hagedorn et al. 2000; Thompson et al. 2006; Buettner et al. 2014; Pan et al. 2016; Huang and Hall 2017) . The SRO Fe phases that form following subsequent Fe(II) oxidation are effective organic matter sorbents (Chen and Thompson 2018) that preferentially associate with aromatic functional groups derived from lignin (Riedel et al. 2013; Hall et al. 2016) . Microbially derived compounds can also become associated with Fe in dynamic redox environments (Cismasu et al. 2016 ). Thus, due to dynamic formation and disruption of SRO-Fe complexes driven by redox fluctuations, we would not necessarily expect SRO Fe phases to stabilize SOM over extended periods. Rather, increasingly crystalline Fe phaseswhich are less vulnerable to reductive dissolution (Bonneville et al. 2009; Ginn et al. 2017 )-could in fact provide greater opportunities for longer-term SOM stabilization, even if they protect smaller total C stocks as a consequence of their lower specific surface areas.
Here, we asked the question: to what extent do mineral-associated SOM composition and turnover correlate with Fe phase composition and abundance? We addressed this by combining new analyses with previously published data from a well-characterized catena in a Puerto Rican humid tropical forest. These soils are rich in SRO Fe phases and mineral-associated C but are poor in SRO Al Coward et al. 2017) , and these factors vary across the catena along with O 2 dynamics and proxies for Fe redox cycling (Silver et al. 1999; Hall et al. 2013 ). In the context of the dynamic Fe cycling previously demonstrated in this environment, we tested the hypothesis that Fe phase crystallinity co-varies with SOM chemical composition and turnover.
Methods

Site description
Soils were collected from a lower montane site (* 250 m elevation) in the Bisley watershed of the Luquillo Experimental Forest, a Critical Zone Observatory and Long Term Ecological Research site. Bedrock is andesitic to basaltic volcaniclastic sedimentary material, and soils are predominantly classified as Oxisols. Mean annual temperature and precipitation are 24°C and 3800 mm, respectively. Vegetation is a diverse evergreen tropical forest. The landscape consists of narrow, knife-like ridges and steep (often [ 45%) slopes draining into upland valleys or rocky riparian valleys. Hillslopes are typically convex at the top, straight in the middle, and concave at the bottom (Scatena and Lugo 1995) . Riparian valley soils are enriched in sand-sized particles and boulders relative to ridges and slopes (Scatena and Lugo 1995) . Mean hillslope soil erosion rates are slow (9 ± 6 g sediment m -2 year -1 ; Larsen et al. 1999) relative to turnover of the dominant ''slow'' pool of mineral-associated C in this system. This pool has turnover times of 11-26 years as determined by 14 C measurements and modeling, corresponding with steady-state C fluxes of 54-95 g C m -2 year -1 . Soil O 2 concentrations measured at 10 cm depth decreased from the ridge to slope to valley (mixing ratios of 19, 16, and 10% O 2 , respectively) with frequent O 2 fluctuations occurring in the valley (Silver et al. 1999; Hall et al. 2013 ).
Soil sampling and analyses
We sampled soils from 15 plots spanning a ridgeslope-riparian valley catena (Silver et al. 1999 ). The C stocks and D 14 C values referred to here have been published previously . Here, we interpret these previous data in the context of extensive additional geochemical and isotopic (d 13 C and d 15 N) measurements of different SOM pools. Sampling was as follows: five plots were established along a 50-m transect spanning each topographic position (ridge, slope, valley) at random intervals between 5 and 10 m. Ridge and valley transects were perpendicular and the slope transect was parallel to the contour. Soils were sampled using a 6-cm diameter stainless steel corer from 0 to 10 and 10 to 20 cm depth increments, which approximately represent A and B1 horizons, respectively. Subsamples were stored at 4°C prior to density fractionation. The A and B1 horizon soils from one additional plot in the middle of each topographic position were used for Mössbauer spectroscopic analyses of Fe composition (n = 6). Total Fe on these six additional samples was measured following lithium borate fusion (ALS, Reno, NV).
Samples were separated into free light, occluded light, and dense fractions by flotation/sonication in 1.85 g cm -3 sodium polytungstate solution, using the method of Swanston et al. (2005) as modified for Ferich samples by Marin-Spiotta et al. (2008; see Hall et al. 2015 for additional details). We used a density of 1.85 g cm -3 given its previous utility in separating particulate from mineral-associated SOM in a similar Oxisol (Marin-Spiotta et al. 2008) , and because substantial particulate matter may remain in lower density (e.g. 1.6 g cm -3 ) fractions (Sollins et al. 2006) . Fine roots were separated for elemental and stable isotope analysis by wet sieving from separate soil subsamples. The C and N content of density fractions and roots and their stable isotope compositions were determined by combustion on an elemental analyzer (Vario Micro) coupled to an isotope ratio mass spectrometer (Isoprime 100, Elementar, Hanau, Germany). Radiocarbon content (expressed as D 14 C) was determined on the dense fractions by accelerator mass spectrometry at Lawrence Livermore National Laboratory; additional analytical details are provided in .
Following oven-drying at 105°C, dense fractions were extracted with acid ammonium oxalate in the dark (1:60 ratio of soil:solution, pH 3, 2 h extraction; Loeppert and Inskeep 1996) The dense (mineral-associated) C fraction comprised 87 ± 2% of total soil C across the 30 samples . Thus, for the present work, we mainly focused on characterization of the mineralassociated fractions. Analyzing the biochemical composition of SOM remains challenging, especially in Fe-rich soils. For example, 13 C nuclear magnetic resonance (NMR) analyses of SOM composition are strongly affected by Fe, and Fe removal may cause significant loss and possible chemical fractionation of Fe-associated SOM (Berhe et al. 2012a ). Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) provides a less authoritative, but more flexible method for SOM characterization in Fe-rich samples. DRIFTS does not require removal of the mineral matrix for comparative semi-quantitative analyses, provided that appropriate cautions in interpretation are observed (Demyan et al. 2012; Parikh et al. 2014; Ryals et al. 2014; Baumann et al. 2016) .
We conducted DRIFTS analyses on dense fractions using a Bruker IFS 66v/S spectrophotometer (Ettlingen, Germany) with a Praying Mantis apparatus (Harrick Scientific, Ossining NY). Samples were homogenized in a 1:10 ratio with spectroscopy-grade KBr using a mortar and pestle, and KBr was used as a background reference. Samples were dried in a desiccator following homogenization to remove interference from water. Absorption was measured between 4000 and 400 cm -1 averaged over 32 scans with an aperture of 4 mm. We report ratios of baseline-corrected peak areas at regions corresponding with organic matter functional groups documented in the literature (Fig. 1) . Analysis of the ratios of peak areas corresponding with different functional groups is a commonly used normalization technique that is helpful for analyzing differences in SOM composition while minimizing effects of the matrix and differences in total SOM content (Kaiser et al. 2012; Parikh et al. 2014; Veum et al. 2014) . We purposefully avoided spectral regions for SOM that are strongly affected by Fe and Al oxyhydroxides and silicates (i.e., \ 1200, 1750-2000, [ 3000 cm -1 ; Parikh et al. 2014 ). Finally, we calculated peak areas with respect to local baselines to remove any impacts from larger spectral features and tails (e.g., the large -OH feature from 2500 to 3500 cm -1 , and the tail of the silicate/ oxyhydroxide peak near 1000 cm -1 ), as conducted by others (Demyan et al. 2012 , Baumann et al. 2016 . Briefly, the areas of peaks between endpoints as defined below were calculated using the ''approxfun'' and ''integrate'' functions in R version 3.4.2 (R Core Team 2017), subtracting the area of the baseline between each set of endpoints. This approach does not require any assumptions as to the shape of any given peak relative to the baseline. The regions selected for SOM analysis and our interpretation of these features are based on extensive prior work (Celi et al. 1997; Demyan et al. 2012; Assis et al. 2012; Kaiser et al. 2012; Parikh et al. 2014; Veum et al. 2014) . We interpreted peaks centered at 2925 and 2850 cm -1 (spanning 2898-2976 and 2839-2870 cm -1 ) as aliphatic C-H asymmetric and symmetric stretch, respectively, which were summed for analysis. We attributed a larger diffuse peak centered near 1648 cm -1 (spanning 1570-1710 cm -1 ) as C=O stretch of amides, quinones, and ketones, with possible contributions from C=C. A clearly distinguishable shoulder at 1512 cm -1 (spanning 1500-1550 cm -1 ) was interpreted as aromatic C=C stretch. A prominent peak at 1400 cm -1 (spanning 1360-1450 cm -1 ) likely reflected carboxylate C-O (COO) stretch.
We examined relationships among DRIFTS absorbance ratios, topographic position, and Fe in soil extractions using ANOVA and linear regressions conducted in R (n = 30 samples for regressions Fig. 1 Mean DRIFT spectra for ridge, slope, and valley samples; individual sample spectra are shown in Fig. A1 . a Shows the full spectral region recorded in this study (4000-400 cm -1 ), and b focuses on the region from 3000 to 1200 cm -1 of greatest interest for SOM characterization. Vertical grey bars indicate spectral features interpreted as follows: 2925 cm -1 (aliphatic C-H antisymmetric stretch), 2850 cm -1 (aliphatic C-H symmetric stretch), 1648 cm -1
(amide, quinone, ketone C=O and/or aromatic C=C stretch), 1512 cm -1 (aromatic C=C stretch), 1400 cm -1 (carboxylate C-O stretch)
Mössbauer analyses
We dug soil pits at representative ridge, slope, and valley locations to sample bulk soils from 0 to 10 and 10 to 20 cm depths for Mössbauer spectroscopic analysis of soil Fe phases. These samples were airdried prior to analysis. Mössbauer spectra for 57 Fe were collected in transmission mode with a variable temperature helium-cooled cryostat (Janis Research Co.) and a 1024 channel detector. A 57 Co source (* 50 mCi) embedded in a Rh matrix was used at room temperature. Velocity (i.e., gamma-ray energy) was calibrated using a-Fe foil at 295 K and all center shifts (CSs) and peak positions are reported with respect to this standard. Detailed information regarding the Mössbauer spectral modeling, and the results for each sample, are described in the Appendix.
In brief, we recorded spectra at 295, 77, and 5 K to evaluate the crystallinity continuum of Fe III oxyhydroxide phases. Across these temperatures, nine spectral components were resolved: (1) II -2) that we attribute to paramagnetic ferrous in ilmenite; (5) a broad Fe III sextet (labelled H-Oxide) that corresponds to Fe oxide minerals such as hematite that are magnetically ordered at 295 K and below; (6) a broadened Fe III sextet (labelled H-OxHy-1) that corresponds to magnetically ordered Fe III oxyhydroxides best approximated by nano-goethite phases, but could also include phases similar to ferrihydrite; (7) a broadened Fe III sextet (labelled H-OxHy-2) that has a near zero quadrapole splitting and narrow sextet width corresponding to phases best approximated by ferrihydrite with likely some contributing nano-goethite phases; (8) an asymmetric collapsed sextet (labelled H-(b)Fe II ) that represents partially magnetically ordered ferrous phases at 5 K; and (9) a partially collapsed Fe III sextet (labelled H-(b)OxHy) due to a Fe III -(oxyhydr)oxide having its superparamagnetic blocking temperature near the collection temperature.
We calculated the abundance of each Fe-bearing phase from the spectral area of each respective component in the 5 K spectra. The total Fe III -oxyhydroxide abundance can be calculated by summing the H-OxHy-1, H-OxHy-2, and H-(b)OxHy components at 5 K. Descriptions of each modeled phase are provided in the Results.
Results
Dense fraction C, N and isotope composition
Carbon concentrations of dense fractions were greater in ridge 0-10 cm soils (4.86 ± 0.18%; mean ± SE, n = 5 for each position/depth combination) than the other measured positions and depths across the catena (2.95 ± 0.16%; Table 1 ). Concentrations of N showed overall similar trends as C, such that C:N ratios of dense fractions were similar among topographic positions and depths (Table 1) 13 C values were lowest in the valley 0-10 cm samples (-29.2 ± 0.2%) and highest in the slope 10-20 cm samples (-27.4 ± 0.3%; Table 1 ).
Values of d
15 N showed similar trends as d 13 C, and were lowest (2.7 ± 0.3%) in valley 0-10 cm samples and highest (6.3 ± 0.6%) in slope 10-20 cm samples (Table 1) 13 C values of roots (-29.8 ± 0.4%) tended to be similar to slightly lower than the dense fractions, whereas the free and occluded light fractions had even lower d
13 C values (-31.3 ± 0.2 and -31.1 ± 0.2%, respectively; Table 1 ). The d 15 N values of roots were lowest of all measured pools (-0.7 ± 1.3%), and were greater in the free and occluded light fractions (0.8 ± 0.2 and 1.8 ± 0.2%, respectively). In stark contrast to the dense fractions, (Table 1) , with a mean value of 8.8 ± 0.4 mg Fe g -1 . Concentrations of Fe d were similar among ridges and slopes at both depths (51.6 ± 1.3 mg Fe g -1 ), but were significantly lower in the valley soils (37.5 ± 2.7 mg Fe g -1 ). Consequently, Fe o /Fe d tended to be higher in valley soils, but did not significantly differ across the catena, averaging 0.20 ± 0.1 (Table 1) .
Concentrations of Fe d represented 51-80% (mean = 64%) of total Fe measured on the six samples analyzed by Mössbauer spectroscopy. Assuming that total Fe content of these six samples was representative of each topographic position/depth, concentrations of Fe d measured on the 30 dense fraction samples accounted for 51-75% (mean = 61%) of total Fe (Tables 1, 2) , very similar to the samples analyzed by Mössbauer. The Fe o and Fe d concentrations measured on the 30 dense fraction samples were also within the range of variation observed among the Mössbauer samples (Tables 1, 2 ). Further information including individual spectra and parameters detailing the Mössbauer site populations for each sample are described in the Appendix.
Modeling of the Mössbauer spectra (Fig. 2 , Table 2, Tables A1-A6 , Fig. A2 ) indicated that Fe phases of the ridge and slope soils were dominated by nano-goethite (length scale likely nm to 10 s of nm), which comprised 76-82% of total Fe. However, very disordered oxyhydroxides (very-SRO Fe, defined by the H-(b)OxHy component at 5 K, see Appendix) comprised 12% of ridge and slope Fe. This very-SRO Fe pool likely had length scales \ 3 nm or was very highly substituted by Al or organic matter, and thus could not be reliably assigned to a representative pure mineral phase. The remaining Fe (5-7%) consisted of Fe in organic complexes and/or substituted within silicate minerals (these Fe pools cannot be conclusively distinguished by Mössbauer spectroscopy alone). The slope samples also contained a small amount of hematite (2-5%) and Fe II that was likely sorbed to mineral or organic matter surfaces (Table 2) . In the valleys, it was possible to split the magnetically ordered Fe-oxyhydroxide phases (46-50% of total iron) into nano-goethite (23-25%) and ferrihydritelike (23-25%) phases, and we identified a slightly ) fractions 
(mg g larger proportion of very-SRO Fe III (15-20%) as compared with the ridge and slope samples. The valley soils also had significantly more Fe III present in silicate and/or organic forms (17-26%) than the ridge and slope soils, as well as an Fe II phase consistent with ilmenite (Fe II TiO 3 ), and silicate Fe II . Mössbauer spectroscopy is very sensitive to phase crystallinity (in contrast to X-ray adsorption spectroscopy) when spectra are collected at different temperatures. More crystalline portions of the soil Fe population will form a sextet spectral feature (see Fig. 2 ) at higher temperatures than less crystalline portions of the Fe population. For instance, the very-SRO Fe III component (Appendix Tables A1-A6 ) represents portions of the Fe oxyhydroxide population that only magnetically order (form a sextet) below 5 K, and thus comprises the most disordered portions of the soil Fe oxyhydroxides. By evaluating the ratio of magnetically ordered phases at 77 K (interpreted as more crystalline Fe) relative to those at 5 K (interpreted as crystalline ? SRO), we calculated a crystallinity index (with a maximum potential value of one) to compare relative crystallinity among the soil samples. Accordingly, the valley soils tended to have a lower crystallinity index (0.57-0.66) than the slope and ridge soils, which had crystallinity indices between 0.69 and 0.81, respectively ( Table 2 ). The valley soils also had lower total masses of crystalline Fe oxyhydroxides (Table 2) .
Finally, as a heuristic for enhancing our interpretation of the Fe extraction data, we assessed relationships between the Mössbauer-defined Fe compositions (i.e., phase abundances and crystallinity indices) and the extractions that were performed on those particular samples. Concentrations of Fe o were not significantly related to the mass abundance of any of the specific phases identified by Mössbauer spectroscopy. In contrast, concentrations of Fe d had significant (p \ 0.05) positive relationships with nano-goethite and total magnetically ordered oxyhydroxides measured at 5 K, which had similar R 2 values (0.72 and 0.65) and AIC values (DAIC = 1.3). The strongest predictor of Fe d concentrations was total crystalline Fe (sextet area measured at 77 K, R 2 = 0.80), which had an AIC value 2.1 points lower than the second-best predictor. Crystalline Fe phases defined by the extractions (Fe d -Fe o ) also had a strong relationship with the crystalline Fe phases measured by Mössbauer (sextet area at 77 K, R 2 = 0.81).
Dense fraction SOM composition
The DRIFTS measurements for ridge, slope, and valley dense fractions showed clearly distinguishable peaks in several regions of interest for SOM characterization (Fig. 1, Table 3 ). Ratios of local baselinecorrected DRIFTS peak areas differed strongly and significantly by topographic position, but not by depth within a position (p [ 0.05). Therefore, we combined data from both depths from a given topographic position for subsequent summaries. Comparisons of DRIFTS peak ratios for ridge and valley samples showed that these soils differed significantly for most metrics assessed, and that slope soils were generally intermediate between ridges and valleys (Fig. 3) . The ratios of C=C of aromatic rings to COO (1512/ 1400 cm -1 ), C=C of aromatic rings to C=O of amides, quinones, and ketones (1512/1648 cm -1 ), and C-H to COO (2850 ? 2924 cm -1 /1400 cm -1 ) all consistently increased along the catena from ridge to slope to valley samples (Fig. 3a, b, c) . The ratios of C-H to C=O did not significantly vary by topographic position (2850 ? 2924/1648 cm -1 ; Fig. 3d ). (Figs. 4, 5) . These findings challenge the notion that higher SRO Fe abundance is associated with long-term C stabilization (Kögel-Knabner et al. 2008) . Rather, our field data are consistent with recent experimental observations demonstrating that Fe-mediated C protection can be disrupted by microbial reductive dissolution and/or chelation of Fe phases Huang and Hall 2017) . We propose a general conceptual framework based on these field results and recent experimental work in these soils, depicted in Fig. 6 . Periodic Fe reduction and oxidation driven by variation in plant C inputs and soil moisture (Hall et al. 2013) lead to the dynamic cycling of the most reactive and metastable Fe phases (Ginn et al. 2017; Barcellos et al. 2018) , facilitating the transient sorption and release of SOM with a significant plantderived component. These findings are consistent with recent work showing preferential association of ligninderived C with newly formed SRO Fe phases (Riedel et al. 2013; Hall et al. 2016 ) and substantial ([ 50%) loss of total soil C following repeated laboratory redox fluctuations (Barcellos et al. 2018) . In contrast, the increasingly crystalline Fe phases are less vulnerable to reductive dissolution (Bonneville et al. 2009; Ginn et al. 2017) , and consequently experience less frequent redox cycling. This may provide fewer opportunities for interactions between crystalline Fe phases (sorbent) and new soluble plant C inputs (sorptives), but greater probability for longer-term persistence of slower-cycling SOM with an increased contribution from microbial detritus.
Interpreting proxies for mineral-associated SOM composition and turnover Increasing d
C and d
15 N values in SOM are typically interpreted as reflecting greater microbial processing or recycling of litter C and N (Ehleringer et al. 2000; Sollins et al. 2009 ) and subsequent accumulation of these microbial residues in clay-sized mineral fractions (Craine et al. 2015) . In our study, dense fraction d Therefore, the relatively large variations in d 13 C (* 2%) and d 15 N (* 5%) values among dense fraction samples, and their isotopic differences relative to likely precursors (roots and light fraction material), suggested differences in plant versus microbial SOM contributions among these samples. Interpreted this way, slope 10-20 cm samples had the largest microbial contributions to SOM (i.e., largest differences in d 13 C and d 15 N values relative to putative sources), whereas valley surface dense fractions had greater direct contributions from roots and light fraction SOM. This interpretation is also consistent with DRIFTS features indicative of SOM functional groups, which varied consistently across the catena from ridges to valleys (Fig. 3) . Across this topographic gradient, spectral features indicative of aromatic C=C and aliphatic C-H became increasingly abundant relative to carboxylate C-O, and amide/ quinone/ketone C=O. We cannot conclusively interpret DRIFTS features in terms of SOM precursors. However, previous DRIFTS studies found that absolute and relative decreases in C-H (2850 and 2925 cm -1 ) relative to other peak areas (such as C=O, 1648 cm -1 and COO, 1400 cm Fig. 4 Ratios of DRIFTS peak absorbances (defined in Fig. 1 (Demyan et al. 2012; Ryals et al. 2014; Fissore et al. 2017) . For example, Demyan et al. (2012) found that C-H peak areas strongly correlated with light fraction material (litter) and hot waterextractable C. Ryals et al. (2014) found an increase in C=O and COO relative to C-H in compost (microbially transformed green waste) and dense fractions relative to litter (light fraction material). Fissore et al. (2017) found a strong decrease in C-H relative to C=O with depth as soil organic C concentrations declined. Thus, along with the d 13 C and 15 N data, our DRIFTS trends are consistent with an increase in plant versus microbially derived compounds from ridges to valleys. Similar observations were made by Berhe et al. (2012a) , who showed that lower-lying depositional settings had a larger proportion of plant derived C in surface horizons relative to upper landform positions.
The D 14 C values of these dense fractions provide the most direct inference regarding SOM turnover rates, but should be interpreted with caution given the ambiguity of interpreting mineral-associated C pools with a mixture of decadal and millennial turnover times in the context of the bomb 14 C spike . Here, for sake of interpretation, we make the simplistic but parsimonious assumption that decreasing D 14 C values reflect overall increases in dense fraction C residence times. The strongly significant relationship observed between dense fraction D 14 C and d
13 C values was consistent with the argument that greater d
13 C values (and by extension, the strongly correlated d
15 N values) reflected increased microbial processing and generally longer turnover times of SOM in the soil system.
Iron phase composition
Notably, most of the Fe phases in these soils were shown to have crystal ordering at only the nanoscale (\ 100 nm) by Mössbauer spectroscopy ( Table 2 ), suggesting that most phases likely have high surface area and consequently high net reactivity towards SOM. Models of Mössbauer spectral components predicted Fe phase abundances with typical errors \ 1% of total Fe (Appendix Table A1 ), much smaller than the differences in Fe phase abundance within and among soils ( Table 2 ). The nanoscale crystal ordering of these Fe phases is important to note in light of the fact that a relatively small fraction of soil Fe was solubilized by the oxalate extraction (Table 2) . Soil Fe o concentrations are widely interpreted in the literature as SRO phases, with Fe o /Fe d reflecting the relative abundance of SRO with respect to total Fe oxyhydroxide phases (Blume and Schwertmann 1969) . However, the sensitivity of soil extractions to the specific kinetic factors controlling mineral dissolution may complicate these interpretations. Whereas (Table 2 ). This comparison suggests that while the oxalate extraction does not target precisely the same SRO Fe pools as observed by Mössbauer on a persample basis, Fe o might be usefully interpreted as representing the ''very-SRO'' fraction of soil Fe in these particular soils.
We found much stronger relationships between the extraction-defined crystalline Fe pools (Fe d-o ) and the Mössbauer-defined crystalline Fe pools (quantified by sextet formation at 77 K; Table 2 ). Thus, Mössbauer analysis implied that the selective extraction data can indeed be roughly interpreted in terms of quantitative differences in Fe phase composition and abundance among the samples examined here. We observed similar Fe o and Fe d concentrations in the six bulk soil samples assayed by Mössbauer and the 30 dense fraction samples, suggesting that Fe loss was minimal during density fractionation at 1.85 g cm -3 . The most important differences in Fe abundance and composition across the catena were the substantial depletion of Fe d in the valley soils, along with lower crystallinity of Fe oxyhydroxides and the higher abundance of organic/silicate Fe phases relative to the ridge and slope soils. Valley soils in this landscape experience more frequent O 2 fluctuations and hypoxic periods over timescales of days-weeks (Silver et al. 1999) . Therefore, Fe d depletion is consistent with increased reductive Fe dissolution and leaching in valleys over pedogenic timescales. The greater relative abundance of very-SRO Fe and ferrihydrite in valleys is also consistent with a more dynamic redox environment, where Fe-C interactions may facilitate the persistence of these meta-stable Fe phases (Thompson et al. 2011) , which would otherwise be predicted to form progressively more crystalline phases over time. (Teh et al. 2009; . Alternatively, if samples with increased SRO Fe abundance were associated with greater D 14 C values (reflecting younger C) simply because they were continuing to accrue fresh C inputs, this would either imply net soil C accrual (non-steady-state conditions) or a significant net input of SRO Fe phases. Net soil C accrual is not consistent with measurements (Teh et al. 2009; , and significant SRO Fe accrual over decadal scales is unlikely given regolith ages of 10 4 -10 6 years (Buss et al. 2017) . Relationships among Fe phases and SOM composition were even stronger after normalizing Fe o by Fe d . As Fe o /Fe d increased (i.e., as relative crystallinity decreased), the relative abundance of aromatic C=C and aliphatic C-H increased relative to amide/ quinone/ketone C=O and carboxylic C-O groups (Fig. 4) , and D 14 C values increased while d 13 C values decreased (Fig. 5) . As explained above, we interpret these changes as reflecting a shift towards fastercycling and increasingly plant-derived SOM as the most highly disordered SRO phases accounted for a greater proportion of pedogenic Fe. Crystalline Fe showed the opposite trends with SOM spectroscopic and isotopic composition (Figs. 4, 5) . We interpret these trends as a shift towards increasingly older, microbially derived SOM in samples with greater crystalline Fe. While the R 2 values for these relationships varied substantially among the particular response variables, these regressions were strongly significant despite the numerous other factors that may have potentially affected C dynamics in these soil samples under field conditions. Finally, Al o was not related with any of these metrics, indicating the greater importance of Fe phases for dense fraction C stabilization in these Oxisols, and in contrast to Andisols where SRO Al and Fe both appear to influence C stabilization (Chorover et al. 2004; Kramer et al. 2012) .
Synthesis: do faster and slower-cycling Fe pools differentially impact SOM?
Previous work has suggested that SOM associated with Fe oxyhydroxide phases may be older than bulk SOM as a consequence of increased protection from decomposition (Kögel-Knabner et al. 2008) . Consistent with this hypothesis, Masiello et al. (2004) and Kaiser et al. (2016) found that concentrations of oxalate and pyrophosphate-extractable Fe correlated negatively with D 14 C values in California grasslands and German forest soils, while Herold et al. (2014) found no relationship between these variables across German forests and grasslands. However, across a lithological gradient in South Africa, Khomo et al. (2017) found evidence for more rapid C turnover in soils rich in SRO Fe relative to other sites depleted in SRO Fe phases.
We propose a slightly more nuanced conceptual framework: different Fe phases may be associated with qualitatively different SOM pools that cycle at different rates. For example, the SRO Fe phases that preferentially and effectively sorb or co-precipitate with plant-derived compounds such as lignin (Riedel et al. 2013; Eusterhues et al. 2014; Hall et al. 2016) may periodically release this SOM in soluble or colloidal forms following anaerobic Fe reduction events (Hagedorn et al. 2000; Buettner et al. 2014; Huang and Hall 2017) . In particular, the most disordered Fe phases at this site appear to be most rapidly reduced, corresponding with increased soil C losses during laboratory incubations (Ginn et al. 2017; Barcellos et al. 2018) . Consequently, despite the fact that SRO Fe phases are potent sorbents of SOM, these C pools could actually cycle more rapidly (as suggested by our data) than SOM stabilized by other mechanisms. In contrast, increasingly crystalline Fe phases may be generally less susceptible to reductive dissolution (Bonneville et al. 2009; Ginn et al. 2017 ). This could provide opportunities for longer-term stabilization of microbial residues. In addition, crystalline Fe was shown to protect more disordered Fe phases (and possibly, associated organic C) that were ''buried'' within larger mineral assemblages (Filimonova et al. 2016) . Further tests of our conceptual framework (Fig. 6 ) under controlled conditions could provide a path forward to reconcile apparently conflicting relationships among Fe phase abundance, composition and C dynamics across different soils.
This mechanistic detail may be crucial for a more nuanced evaluation of the dual roles of Fe: providing SOM protection, and also catalyzing SOM decomposition.
